Porter's hypothesis is: that the longitudinal growth of the spinal cord fails to keep pace with the growth of the vertebral column, resulting in idiopathic scoliosis. The hypothesis, based on morphological observations and a model [23, 24] , is examined in his review using clinical and scientific knowledge relating to scoliosis and other conditions. Porter also evaluates what mechanisms may cause a short spinal cord.
The hypothesis is not new. Roth [26, 27, 28], a neuroradiologist, published nine papers between 1968 and 1985, seven in Czechoslovakian and German journals, in which he explained idiopathic scoliosis as a disproportion of vertebro-neural growth due to either a short spinal cord [26] or a too rapid growth spurt of the spine [27] . In his spring-string model, Roth [27] found that shortening of the string hindered free elongation of the spring, resulting in a 'scoliotic' deformity of the model. Scheuermann's disease was also explained by Roth [27, 28] as a vertebro-neural growth disproportion. Roth's papers were scarcely quoted until 2000 [6, 14, 15 ].
Porter's evidence
Porter addresses the problem of relative anterior spinal overgrowth in idiopathic scoliosis, with particular reference to the axial length of the vertebral canal and the vertebral bodies. His hypothesis views idiopathic scoliosis as a physical manifestation of the maladaption of the growing immature spine to a tether created by a short spinal cord, which he supports by stating that: Porter argues in favour of (1). After examining the apical vertebrae from two museum specimens, he writes [24], 'The rotational deformity tends to be selective and anterior to the canal.' This confirms the findings of others [20, 37, 42] . He continues, 'If the deformity in scoliosis was due to imbalance secondary to neuromuscular factors, we might reasonably expect the rotational deformity to be uniform throughout the vertebra -the whole vertebra rotating as a unitbut this is not the case.' The difficulty I have with this interpretation is that the anatomy of the deformity of the apical vertebra is generally considered to be similar in neurogenic and idiopathic scolioses, although I know of no paper that has addressed this problem. Porter recognizes this dilemma in referring to the anatomical specimens that he examined as having 'probable' idiopathic scoliosis [23] . Porter does not claim that various forms of neurogenic scoliosis initiate scoliosis through a short spinal cord, but it could be tested critically using the experiment outlined above. Porter assumes that the apical deformity of idiopathic scoliosis is solely one of axial vertebral rotation. Yet multiple factors, biomechanical and biological, are thought to contribute to the deformity of the apical vertebra in structural scoliosis [2, 22, 42] . In addition to axial rotation, there may be: [42] interpret the vertebral deformities of structural scoliosis as being caused by bone remodelling due to lateral shear forces created in the anterior spinal column driving the apical vertebra out of the midline, whereas torque forces created by posterior musculoligamentous structures attempt to minimize the deviations and rotations of the vertebrae. The rib deformities are considered to be secondary to the lateral forces induced by the scoliotic spine [42] . These pathomechanic concepts are considered to apply to structural scoliosis, be it idiopathic or neurogenic. Based on the available morphological evidence for the apical vertebral deformity, and on the balance of probabilities, I agree with Porter that his hypothesis at the present time is plausible for idiopathic scolioses. It is also plausible for neurogenic scolioses.
Thoracolumbar and lumbar structural scolioses
Porter restricts his attention to thoracic scoliosis and does not explain the idiopathic structural thoracolumbar and lumbar curves. To attribute such lumbar curves to uncoupled neuro-osseous growth, the nerve roots of the cauda equina would have to be shown to be short relative to some extraspinal skeletal component.
Curve laterality
Porter explains the common right thoracic curve on White's concept [43] that the thoracic spine is predisposed to rotate to the right. Porter does not address the predominant left curve laterality of infantile and some juvenile idiopathic thoracic scolioses. The most likely explanation is that, in such curves, the spine is predisposed to rotate to the left (hypothesis of oscillating axial torsion) [8] .
Abnormalities more widespread than the spine and ribcage
Porter does not address the problem of why idiopathic scoliosis has been found to be associated with anomalies outside the spine and ribcage, including facial asymmetry, breast asymmetry, upper limb length asymmetry, complex patterns of skeletal allometry, and dermatoglyphic asymmetry [6, 8, 12, 18] . The rejoinder might be that the short spinal cord is one of the abnormalities of developmental instability [18] and the critical defect that causes the scoliosis. In this connection, there is a need for a longitudinal study using MRI to establish the post-natal growth of the spinal cord in health and in subjects with idiopathic scoliosis.
Asher's requirements for any aetiological theory of idiopathic scoliosis
Asher [1] has stated the requirements for any theory of AIS aetiology are to explain: 1. The dependence of the deformity on growth and growth rate 2. Its predilection for females 3. Its predilection for members of involved families, and 4. Its variable progression patterns To these Goldberg [18] adds: 5. Lateralization Porter does not address (2), (3), or (4).
Neurology
Porter lists six features, and concludes that:
1. The subtle neurological abnormalities in some children with scoliosis 2. The rarity of major neurological problems, and 3. The frequency of scoliosis with certain pathologies are not incompatible with his hypothesis. I find this conclusion unlikely, because, while a normal cord is evidently stretched without compromise during normal growth, an abnormal cord stretched, even gradually, would be expected to produce clinical signs of long tract (cord) and/or nerve root damage, and at times symptoms.
The absence, or rarity, of neurological deficit after correction of the deformity with brace or operation, Roth [27] argued, seems to militate against his concept; i.e. apparent lengthening of the vertebral column in treatment would subject the spinal cord and nerve roots to non-physiological stretch and damage. Porter discusses this point and concludes that, 'One might have expected a higher overall incidence if the hypothesis were correct.' I agree. It could be argued that any distraction at surgery causing acute neurological complications might be due in some patients to a short cord. Can this be evaluated preoperatively for possible prophylaxis?
In children below the age of 12 years, several studies using MRI have revealed significant neuroanatomical abnormalities. By definition, such children do not have idiopathic scoliosis. I agree with Porter's statement that the neurological findings he quotes are not incompatible with his hypothesis. He does not discuss evidence from somatosensory evoked potentials [11, 38] . The general view for neurogenic scolioses, namely that the vertebral deformity results from altered neuromuscular forces acting outside the spine, is more acceptable. In this connection, James [19] noted in paralytic scoliosis an unexpected and unexplained finding; namely, that as with idiopathic thoracic curves, there is a predominance of curves to the right. Porter's hypothesis would account for this finding by the predisposition of the thoracic spine and ribcage to rotate to the right. Could the shortening of the neural structures in a cranio-caudal direction (i.e. the spinal cord) not also involve a right-left asymmetry (i.e. of nerve roots)? Roth [26] addressed this point, and argued that correction of the disturbed tension equilibrium would be achieved by lateral flexion of the spine towards the side of the increased tension. Porter [24] mentions Lloyd-Roberts' suggestion [20] that progression in infantile idiopathic scoliosis occurs when the neuraxis is unable to adjust to the change in the anatomy of the vertebral column.
Uncoupled neuro-osseous growth
Roth [27] suggested that growth hormone stimulates the growth of all tissues except nervous tissue, and results in neurovertebral growth disproportion. He states that the thoracic cord grows more in length during development than the cervical or lumbosacral cord. This makes the thoracic cord more susceptible to growth insufficiency, with resulting thoracic scoliosis. In contrast, Porter suggests a different view for the site of the apical vertebra(e) of thoracic curves, namely an earlier skeletal maturity of the upper thoracic spine.
Porter addresses factors in the spinal cord that might impair its length, and also asks: Is there evidence of increased bone growth? He suggests that the spinal cord may fail to stretch in response to vertebral growth due to molecular mechanisms, and that this may result in scoliosis. He calls for a reductionist approach and suggests more research into the mechanical and cellular properties of the spinal cord in scoliosis patients. These are novel ideas, which it is hoped some researchers will evaluate.
Perspective
Currently, few would dissent from the view that the cause of idiopathic scoliosis is multifactorial [21], but whether a short spinal cord will prove to be one of those factors in none, a few or many subjects must await more research. Porter has brought the Roth concept for the causation of idiopathic scoliosis into the molecular biology of the spinal cord.
The Roth-Porter hypothesis has to be viewed in the context of other pathomechanic hypotheses for idiopathic scoliosis. In this connection, Edgar [14] writes that neurological dysfunction in idiopathic scoliosis has moved to a centre-stage position, and now needs to be carefully considered. As idiopathic scoliosis is a final common pathway of deformity, there may be different neuromuscular mechanisms causing scoliosis in different subjects, resulting from different aetiologies and pathogeneses and different pathomechanisms in the spine. If so, this compounds the difficulties, particularly for genetic aetiological research. The spinal factors to be considered include hypokyphosis [22], osteopoenia [10], ligamentous laxity [6] and disc mechanisms. Hypokyphosis as a risk factor for thoracic curves [22] needs to be evaluated to examine whether or not it is associated with a spinal cord that is short relative to some extraspinal skeletal component(s). Neuromuscular dysfunction is considered by many to need intensive research, and this includes an evaluation of the neuro-osseous timing of maturation around puberty [7] . The Roth-Porter hypothesis directs attention to a local neural dysfunction within the spinal cord as a possible cause of idiopathic scoliosis. The hypothesis can be critically tested, and this needs to be done for scoliosis in all its forms -idiopathic, congenital and secondary. 
